Abstract A tool was developed in this research for automation of one-dimensional finite element analysis (1D FEA) for design of a machine tool spindle system composed mainly of a shaft and bearings. As it is based on object-oriented programing, it uses the objects of a CAD system. It requires minimum data to be input to define the spindle system such as shaft cross-sections and bearing stiffness. Then, it automatically generates the geometric model based on the data and then, converts it into the FE model of 1D beams and springs. The graphic user interfaces developed allow a user to interact with the tool. This tool can be applied to identification of a near optimal design of the spindle system in minimum time and efforts by automating the FEA process with numerous design changes. 
Introduction
A spindle system is one of the main units of a machine tool to machine a material into a part. It should perform both a heavy cutting for large volume removal and a fine cutting for high cutting accuracy [1, 2] . In order to achieve high speed, high efficiency, and high precision, recently, the spindle has been designed to have a high technical performance including dynamic stiffness and high precision [2] . A spindle system is composed of a shaft, an arrangement of bearings, and a housing and the bearings and the shaft have a relatively greater influence on its performance such as cutting accuracy and the removal efficiency.
Generally, a spindle needs to be evaluated in stiffness at the design stage. A simple way for the evaluation is to use the theoretical equation using simply supported beam [1] . It includes bearing stiffness and a uniform cross-section beam. It is limited to application to a spindle with multiple cross-sections of Development of a tool to automate finite element analysis of a spindle system of machine tools its shaft and more than two bearings. Finite element analysis (FEA) has been widely applied to the evaluation of, for example, spindle designs in stiffness and thermal characteristics as well [2] [3] [4] .
One-dimensional (1D) FEA using beam elements takes less time in analysis computation than three-dimensional(3D) FEA using solid elements. As it is necessary to run FEA of multiple designs of a spindle for numerous times in order to identify an optimal design, the time for the FEA needs to be minimized for rapid evaluation. Conceptual design of a spindle is not as fully determined at its detail design in which its shaft is fully determined in configuration such as its cross-section. Thus, 1D FEA is appropriate to rapid identification of an optimal design and stiffness evaluation of a spindle at the conceptual design stage.
In this research, a tool was developed to automate 1D FEA to evaluate stiffness of a spindle under design.
It requires a user to input minimum information on the spindle such as bearing stiffness and shaft radii. Some research has been carried out to develop tools for FEA automation with only a shaft and bearing position.
They cannot consider cutting position and bearing stiffness which has a large influence on the static stiffness of the spindle [1] [2] . Graphic user interfaces (GUIs) were developed for the tool to allow a user to enter the minimum information on the spindle design.
The CAD system allows boundary conditions to be applied on only geometries such as points or lines for The programming environment was Visual Basic for Application (VBA) [5] embeded in the computer-aided design (CAD) system, CATIA [6] . It can use the objects of the CATIA developed in object-oriented programming technique [7] and they are included in the tool to automate both geometry generation and FEA at the corresponding workbenches of the CAD system.
The automation is expected to help even design engineers to perform FEA, usually done by analysis engineers, in order to identify an optimal design of the spindle. It has the advantage to reduce much time and efforts to perform FEA for the spindle. All analysis data applied to the geometric elements is automatically transferred to its corresponding finite elements before the computation leading to node displacements. The result of FEA such as displacement or stress is displayed at the FEA workbench. 
Application of the automation tool
The tool was used to carry out an FEA for the spindle system, shown in [ Fig. 1] , defined with the data in [ Fig. 3] (b) and (c) . The tool constructed the geometry and then the analytical model, shown in [ Fig.   5 ], for the FEA. Multiple containers were generated to store the data used for the FEA of the spindle system made mainly of the shaft and the bearings.
[ Fig. 7] shows the data of FE properties for node connections and bearings.
[ 
Conclusion
In this research, a tool was developed in the programming environment of a CAD system using its objects. The development focused on automation of one dimensional finite element analysis with the minimum data to define a machine tool spindle system constructed mainly of a shaft and bearings. The modules of the tool took the responsibility for generating geometric and analytical models at the workbenches of the CAD system to perform the FEA. 
